Understanding the dynamics of redox elements in biologic systems remains a major challenge for redox signaling and oxidative stress research. Central redox elements include evolutionarily conserved subsets of cysteines and methionines of proteins which function as sulfur switches and labile reactive oxygen species (ROS) and reactive nitrogen species (RNS) which function in redox signaling. The sulfur switches depend upon redox environments in which rates of oxidation are balanced with rates of reduction through the thioredoxins, glutathione/glutathione disulfide and cysteine/cystine redox couples. These central couples, which we term redox control nodes, are maintained at stable but non-equilibrium steady states, are largely independently regulated in different subcellular compartments and are quasi-independent from each other within compartments. Disruption of the redox control nodes can differentially affect sulfur switches, thereby creating a diversity of oxidative stress responses. Systems biology provides approaches to address the complexity of these responses. In the present review, we summarize thiol/disulfide pathway, redox potential and rate information as a basis for kinetic modeling of sulfur switches. The summary identifies gaps in knowledge especially related to redox communication between compartments, definition of redox pathways and discrimination between types of sulfur switches. A formulation for kinetic modeling of GSH/GSSG redox control indicates that systems biology could encourage novel therapeutic approaches to protect against oxidative stress by identifying specific redox-sensitive sites which could be targeted for intervention.
Introduction
Cysteine (Cys) and methionine (Met) are the only amino acids in proteins which contain elements undergoing reversible oxidation under biologic conditions. These elements are aptly described as "sulfur switches" because the reversible oxidations provide means to control a broad range of activity and structure of proteins [1] . The sulfur atoms of both Cys and Met can undergo multiple oxidations, but the reversible oxidation of thiols to disulfides has been studied most extensively and serves as the basis for the current review. Changes in oxidation/reduction (redox) state of thiol/disulfide couples affects protein conformation, enzyme activity, example. This example illustrates the need for rate information for each step of biosynthesis, degradation/metabolism, transport, oxidation and reduction, to describe the steady-state relationships. The fourth section provides a framework to extend this approach to a more comprehensive systems biology description of redox signaling and control. This section also briefly considers the potential utility of such models for predictive health and development of new strategies to protect against disease.
Major thiol/disulfide couples are not at equilibrium in biologic systems
The redox potential (electromotive force, E h ), is a measure of the tendency of a chemical species to accept or donate electrons. This tendency is quantitatively expressed in millivolts relative to the standard hydrogen electrode reaction (H 2 /2H + + 2e − ). The E h for an oxidation/reduction couple (e.g., GSH/GSSG) is dependent upon the inherent tendency of the chemical species to accept/donate electrons (E o ) and the concentrations of the respective acceptors and donors, defined by the Nernst equation (e.g., for the GSH/GSSG couple, E h = E o + RT/NF ln([GSSG]/ [GSH] 2 ).
The ΔE h between two couples is related to the free energy for the transfer of electrons between the couples (ΔG = −nFΔE h ); however, the E h values provide no information concerning whether a kinetically important pathway for electron transfer exists between the couples. The redox potential of a biologic system measured with a potentiometric electrode reflects the redox potential of the couples reacting most rapidly with the electrode, and not the E h of components which do not interact with the electrode. Thus, establishing the electromotive force for redox couples in cells and tissues has created difficulties in defining a single metric for cellular redox environment; see [1, 27, 28] for examples of various proposed formalisms.
Two issues are problematic in trying to combine multiple redox couples together into a single definition of cellular redox state: 1) the potentials are not in equilibrium with one another and 2) the independent potentials vary among intracellular compartments. In the present review, we consider the redox control nodes as master control elements, which are independent and contribute to regulation of different sets of sulfur switches. They act as rheostats to control and integrate different cellular processes. Because there are multiple redox control nodes and a simple relation defining the cellular redox environment is ineffective and misleading, a systems modeling approach is needed to understand the relationships between redox couples.
In the following, we summarize the current knowledge of the steady-state E h values for the thioredoxins, GSH/GSSG and Cys/CySS systems in mammalian systems to provide a foundation for such modeling. Values are calculated from the ratios of oxidized and reduced forms of thioredoxins and from concentrations of GSH, GSSG, Cys and CySS. The accuracy of comparisons of different couples is dependent upon the accuracy of the E o values used for calculations. There is a considerable older literature on this subject, with a range of estimates for the GSH/GSSG and Cys/CySS couples [29] . For GSH/GSSG, the E o ′ value determined by Rost and Rapoport [29] , −240 mV, is generally used. Experimental determinations of the E o ′ for Cys/CySS couple are more variable [30] [31] [32] , and we use the value determined from the equilibrium of the 2 Cys + GSSG ↔ CySS + 2 GSH reaction, −226 mV [31] . The E o values for human Trx1 (−230 mV) and Trx2 (−330 mV) were determined from the equilibria with the GSH/GSSG couple and the dithiothreitol/threitol disulfide couple under anaerobic conditions [33, 34] .
Because the couples are not at equilibrium and differ among compartments, all biologic E h values are operational, i.e., they are a function of the extraction, fractionation and assay methods. This includes both systematic errors, which can occur due to incorrect estimate of pH (5.9 mV/0.1 pH unit) and concentration (30 mV for 10-fold error in concentration estimates for GSH and Cys couples) [35] , as well as variability, which can occur due to inefficient trapping of redox states. These issues were studied in detail to estimate cytoplasmic E h values in HT29 cells [25, 36] , with estimates of error/variability due to each as high as 10 mV.
GSH/GSSG Couple
E h values for GSH/GSSG in extracts of cells cultured in vitro are typically in the range of −260 to −200 mV (Fig 1) , with most values in the range of −230 to −220 mV (Table 1) . Rapidly proliferating cells have a more negative (reduced) potential while non-dividing cells are more positive (oxidized). Cells undergoing apoptosis have a considerably more positive E h value (−170 to −150 mV), due principally to a loss of GSH [37, 38] . More positive values also occur with depletion of GSH due to inhibition of GSH synthesis with buthionine sulfoximine (BSO) and due to removal of Cys and CySS from the cell culture media [39, 40] .
Data from in vivo studies show values in the range of −255 mV (liver) to −193 mV (red blood cells) [41] . In rat colon, fasting and refeeding caused shifts in E h from −220 mV (control), to −204 mV (fasted) to −243 mV (refeeding + KGF), in association with changes in cell proliferation (See Table 1 ) [42] . Similarly, following partial resection of rat ileum, a shift of the E h from −215 mV (sham operated) to −225 mV (partial resection) was observed in association with increased proliferation [43] . Thus, the in vivo data are consistent with the in vitro studies establishing that E h values for GSH/GSSG are within the range of −260 to −200 mV.
This range of values indicates that the GSH/GSSG couple is orders of magnitude out of equilibrium with the NADPH/NADP + couple (Fig 1) , which is maintained at about −400 mV [44] . The lack of equilibration of the GSH/GSSG couple with the NADPH/NADP + couple was considered in detail by Gilbert [45] , and can be partially explained by the kinetics of the GSSG reductase, which has a relatively high KM for GSSG. However, the range of GSH/GSSG values (from −260 to −200 mV) may also be important because this is sufficient to provide a 100-fold change in function of proteins with dithiol/disulfide motifs interacting with this couple [45] . mV (D. Cui, J.M. Johnson, D. P. Jones, unpublished) . There is a possibility that the redox state in these isolated mitochondria is supra-physiologically reduced because of an artificially high concentration of respiratory substrates, but both approaches indicate that mitochondrial GSH/ GSSG redox state is more negative (reduced) than the total cellular value.
GSH/GSSG couple in the plasma-The E h for GSH/GSSG differs among extracellular compartments but is relatively well regulated within compartments. In human plasma, the mean value in young health adults was −138 ± 9 mV [54] . The difference between mean tissue values and plasma redox state is about 80 mV, indicating that the energy available from moving an electron from the cellular GSH/GSSG couple to the plasma GSH/GSSG couple is similar to the energy available from moving a Na + ion down its electrochemical gradient. At present, potential functions of this redox gradient are not known.
The plasma GSH/GSSG redox state is oxidized in association with aging [41, 55] , type 2 diabetes [41] , cigarette smoking [56] , chemotherapy [57] and risk of cardiovascular disease [58, 59] . Less information is available concerning other extracellular pools, but alcohol abuse has recently been shown to result in oxidation of the E h in the lung lining fluid [60] . The lining fluid has a high GSH concentration and the GSH/GSSG redox state is similar to tissue redox values, i.e., −200 mV, perhaps reflecting the functional need to protect against oxidative toxicity and/or to avoid formation of protein disulfides. Fluidity of mucus is decreased by an oxidized redox state [61, 62] , and crosslinking of proteins on the cell surfaces or in the lining fluid could also occur due to oxidation of the redox state. Thus, maintenance of a highly reduced redox state in the lining fluid would appear to be necessary to maintain deformability of the alveolar structures as well as signaling and other homeostatic functions.
GSH/GSSG couple in other organelles-The GSH/GSSG redox state in the secretory pathway has been estimated to be −172 to −188 mV [63] . This value is more oxidized than other subcellular compartments, and there is a possibility that the luminal redox state exists as a gradient in the vesicles communicating with extracellular thiol/disulfide pools. The endoplasmic reticulum contains an oxidase system which functions to introduce disulfides into proteins destined for export [64] , and GSH is transported by isolated microsomes [65] . Thus, the endoplasmic reticulum contains both oxidative and reductive mechanisms which allow dynamic control of redox state in association with processing and secretory functions [66] . The lysosomal components of this membranal system are likely to differ considerably in redox control due to their function in protein degradation. Earlier studies showed that in cystinosis, a mutation results in loss of CySS transport and an accumulation of CySS within lysosomes [67, 68] . This suggests that lysosomes are a relatively oxidized compartment and are deficient in mechanisms to reduce disulfides to thiols.
Thioredoxins
Trx1 in the cytoplasm and nucleus-Thioredoxins are low molecular weight proteins containing a conserved dithiol motif which supports a range of biologic functions [69] . In mammalian systems, thioredoxin-1 (Trx1) is found in cytoplasm and nuclei, while Trx2 is found in mitochondria. The E o value of the active site dithiol/disulfide couple of Trx1 was estimated to be −230 mV [34] . Using this value and measuring the percentage reduction with a redox western blot [34] , cellular Trx1 has a steady-state redox potential of −280 mV. The value was more negative than the GSH/GSSG redox couple, and the couples were not in redox equilibrium [33, 38, 39] . The Trx1 and GSH/GSSG couples were found to vary independently during growth transitions [38] , redox signaling [33, 39] , and metal-induced toxicity [70] . Thus, Trx1 represents a distinct redox control node which can support a set of redox reactions which differ from those supported by GSH/GSSG.
Fractionation studies show that the nuclear Trx1 pool is about 20 mV more negative than cytosolic values and more resistant to oxidation induced by exogenous oxidant [33, 34] . The redox state of the nuclear Trx1 pool was preferentially preserved when cells were cultured in glucose-and glutamine free media, suggesting that nuclei contain special mechanisms to preserve Trx1 redox state [52] . This conclusion is reinforced by data showing that stimulation of H 2 O 2 production in nuclei by a NLS-D-amino acid oxidase resulted in increased nuclear protein S-glutathionylation but not a detectable oxidation of nuclear Trx1 [71] . The available data show, therefore, that the redox state of nuclear Trx1 is maintained at least semiautonomously from the nuclear GSH/GSSG pool and the cytoplasmic Trx1 pool.
Trx2 in the mitochondria-The mitochondrial Trx2 has a much more negative E o value (−330 mV at pH 7.6) than cytoplasmic Trx1 (−230 mV at pH 7.0). The percentage of Trx2 present in the reduced form is variable in different cell types and under different metabolic conditions, with E h values normally in the range of −360 to −340 mV (Fig 1) . Trx2 is more susceptible to oxidation by exogenously added peroxides than either cellular Trx1 or GSH/ GSSG [72] . Moreover, Trx2 is preferentially oxidized in a neuronal cell line treated with the respiratory inhibitor rotenone [73] , in HeLa cells treated with TNF-α [70] and in HeLa cells treated with arsenic or cadmium [74] . In contrast, EGF signaling in keratinocytes oxidized cytosolic Trx1 but not Trx2 [33] . Together, these data show that the redox state of mitochondrial Trx2 is regulated independently of the cytoplasmic Trx1 pool. The substantial difference in redox potentials between the Trx2 couple and the mitochondrial GSH/GSSG couple also indicates that these couples are independently regulated in mitochondria [70, 74, 75] .
Cys/CySS couple
Intracellular Cys/CySS-The Cys/CySS couple is considerably more oxidized than Trx1 and GSH/GSSG couples (Fig 1) . In studies of total cellular Cys/CySS redox state, the digitoninreleasable fraction of Cys and CySS indicated that cytosolic E h values were probably within about 10 mV of the values determined for whole cell extractions, i.e., about −160 mV [76] . This redox state is considerably oxidized relative to the GSH/GSSG and Trx1 couples, showing that reactions with the latter are not fast enough to equilibrate the pools within cells. The rate constant for reaction of low molecular weight thiols and disulfides can be conservatively estimated to be 20 Ms −1 [45] . Using this rate constant along with physiologic concentrations of cystine and GSH, the calculated thiol/disulfide exchange of CySS and GSH in cells is only 0.007 mM-min −1 , a rate that is considerably slower that the estimated rate of CySS utilization by cells [77] .
Experimental studies in which an inducer was used to stimulate GSH synthesis, an inhibitor was used to block GSH synthesis, and CySS-deficient media was used to deplete cellular thiol pools, showed that the cellular Cys/CySS couple is controlled independently of the GSH/GSSG couple [25, 40] . The Cys/CySS couple represents an important cellular redox control node which varies over a relatively narrow range and supports S-cysteinylation of proteins. Additional studies of the cellular Cys/CySS couple are needed because of the evidence that the extracellular Cys/CySS redox is associated with disease in humans and, as described above, is an important determinant of cell phenotype in cell culture.
Cys/CySS couple in plasma-The Cys/CySS pool is the major low-molecular weight thiol/disulfide couple in mammalian plasma. The redox state of this couple in human plasma averages −80 mV in young, healthy individuals; in rodents, the value is about −100 mV. Human studies show that the plasma E h is oxidized in association with age [55] , chemotherapy [57] , cardiovascular disease [59] and smoking [56] . The value correlates with plasma protein Sglutathionylation [78, 79] , and age-associated oxidation can be prevented by antioxidant supplements [80] .
A number of studies have addressed the potential consequences of changes in plasma Cys/ CySS redox state by systematically varying this parameter in cell culture. In colon carcinoma Caco2 cells and normal human retinal pigment epithelial (hRPE) cells, cell proliferation was greater at more negative E h values [7, 81] . hRPE cells were more sensitive to oxidant-induced apoptosis at more positive E h values [81] . ROS production was increased in bovine aortic endothelial cells exposed to a more positive E h value [82] . Binding of human monocytic THP1 cells to endothelial cells was enhanced at more positive E h values [82] . A lung fibroblast model relevant to pulmonary fibrosis also showed that positive E h values stimulate fibroblast proliferation and matrix expression through upregulation of transforming growth factor-β [83] . Thus, the data show that the factors controlling the balance of plasma Cys/CySS are important in determining cell function and thereby can potentially contribute to disease risk.
Formulation of models for thiol/disulfide redox systems biology
Most proteins contain at least one Cys or Met which is subject to oxidation, and all aspects of life depend upon redox reactions. Consequently, there is considerable complexity to development of redox systems biology. Certain features are emerging which suggest that this complexity can be simplified by a set of rules or principles governing the biological redox reactions, which can be considered part of a biologic "redox code" [84] [85] [86] . For initial model development, these principles can be used as assumptions with the recognition that they are largely based upon observational data which can be strengthened by additional experimental validation.
In consideration of the available data, three interrelated features appear to be important for modeling, namely that 1) normal electron conducting pathways involving thiol/disulfide couples are insulated from each other so that it is possible to describe reactions in terms of discrete redox pathway maps, 2) pathway models can be simplified because there are common redox control nodes which control multiple sulfur switches and 3) specific functions can be defined for individual sulfur switches within these pathway maps so that accurate kinetic models can be developed.
Insulation of thiol/disulfide-dependent pathways
As summarized above, a range of experiments shows that the Trx1, GSH/GSSG and Cys/CySS couples are not rapidly interacting and not energetically coupled [25] . This lack of rapid interaction provides an important simplification for model development in that it allows description of redox processes in terms of pathways which are relatively insulated from each other. For instance, in Fig 2, examples of Trx and GSH are shown to support different reduction pathways in cytoplasm, nuclei and mitochondria. Although not explicitly proven, this interpretation is supported by studies in which Trx2 and GSH were found to have parallel functions in protection against TNF-α-induced cell death [87] and by a number of studies which establish separate control of specific proteins by either Trx1 or GSH, but not both [39, 74, 88] .
The utility of conceptualizing redox events in terms of specific pathways is illustrated schematically in Fig 3 . In this scheme, oxidative stress (Fig 3, A) is described by a pathway that is fundamentally the same as for redox signaling (Fig 3, B) . In this scheme, upstream processes generate reactive species which oxidize downstream targets (Fig 3, A and B) . Ordinarily, the high-flux electron transfer pathways that support ATP production in mitochondria, as well as other redox pathways in intermediary metabolism, are well insulated from other redox-sensitive components in cells. However, increased electron transfer between pathways can result in loss of the insulation and failure of systems by inappropriate transfer of electrons to a separate pathway [17] . A salient conclusion, therefore, is that kinetic models built upon well defined redox pathway maps could be very useful to identify sites and causes of transition between effectively insulated redox pathways and disrupted states of oxidative stress.
The disequilibrium of Trx and GSH suggests that the rates of other thiol/disulfide couples in cells may also be slow, effectively insulating most sulfur switches from each other. This point is critical for development of kinetic models, but data are currently limited. A redox-sensitive GFP which changes fluorescence in response to thiol oxidation shows this characteristic of being relatively insulated because it is only slowly responsive to exogenously added oxidants [89] . Studies of the redox dynamics of the pathway NADPH → Trx reductase-1 → Trx-1 → Ref-1 → p65 (NF-κB) in cells exposed to glucose-and glutamine-deficient media also showed slow interaction in that components in the pathway were not fully reduced under steady-state conditions [52] . Steady-state levels of reduction in this pathway changed in association with redistribution of Trx1 to nuclei [52] . Similar rate limitations have recently been obtained for the mitochondrial pathway NADPH → TR2 → Trx2 → Prx3 → H 2 O 2 under metabolic substrate deficiency (H. Zhang and D.P. Jones, unpublished). These rate limitations in kinetically active, well defined thiol/disulfide pathways suggests that non-equilibrium conditions may be a general feature of sulfur switching mechanisms which allows rapid and sensitive responses to perturbations in oxidant generation.
Specificity of thioredoxins and GSH in control of sulfur switches
Biochemical data show that thioredoxins and glutaredoxins catalyze different chemical reactions and have preferred substrates [90] [91] [92] [93] . Thus, an important simplification for modeling will be possible if protein targets in cells can be classified as either targets of reduction by Trx or by GSH. In vivo data distinguishing Trx-and GSH-dependent activities are limited, but apoptosis signal-regulating kinase (Ask-1) activation has been associated with oxidation of Trx1 [74] , while Nrf-2 translocation to nuclei [39] and oxidative regulation of NADH dehydrogenase [88] have been linked to oxidation of GSH/GSSG. Thus, for initial modeling, one can assume that Trx1, Trx2 and GSH largely support the reduction of different subsets of cellular proteins. Although considerable information is available, addition definition of these subsets represents an important subject area for future research.
A practical aspect of this pathway description emerges from the combination of the principle that sulfur switches can be classified in terms of control by Trx or GSH with the principle that the insulation of redox pathways is partly a consequence of differences in reactivities at prevailing concentrations in cells. In the non-equilibrium state, changes in abundance of thioredoxins and glutaredoxins can change the flux through pathways. This indicates that overexpression of redox-active components can, at least in principle, change the definition of the redox pathways by altering the abundance of key elements. Thus, a valuable contribution of pathway analysis and kinetic modeling will be to evaluate this possibility.
At present, it is not clear how many sulfur switches exist in cells or how many redox control nodes are present to support different subsets of these switches. In the discussion below, we address the redox control nodes including Trx1, Trx2, GSH/GSSG and Cys/CySS [25] . Evidence indicates that other redox control nodes may also exist because there are multiple protein targets for thioredoxin reductases [94, 95] , Ref-1 [96] [97] [98] , and thionein [99] . Additional research is needed to address the function of these redox couples to determine whether they should also be considered as central redox control nodes.
Sulfur switches: elements within redox signaling pathways (redox sensor) and elements for regulating redox signaling pathways (redox rheostat)-A third feature of sulfur switches which needs definition for modeling is the classification of switches according to function. Several lines of evidence suggest that sulfur switches have different functions which affect the way in which they are incorporated into kinetic models. In Fig 3 (center) , a sulfur switch is depicted as a sensor within a pathway. Such an element can function as an on/off switch for a pathway, such as transmission of an NADPH oxidase-derived signal through a phosphatase. Alternatively, sulfur switches can be elements which function like rheostats to regulate the level of activity of a pathway but not be required for the pathway to operate (Fig 3, right) . Hypothetical rheostat steps are indicated at upstream sites for generation of ROS/RNS, as well as subsequent sites regulating the concentrations reactive species and response sites (Fig 3, right) . By being coupled to GSH/GSSG or thioredoxin, such rheostat elements could coordinate diverse processes within the context of the physiologic state [1, 36] without changing the fundamental way that a signaling pathway works.
Currently, there is no way to assess whether sulfur switches functioning as redox rheostats are rare or common in biologic systems. In consideration of this point, human Trx1 is a useful example. This protein has 5 Cys residues, two of which (C32,35) are present in the active site. Site-directed mutagenesis showed that C62, C69 and C73 are not necessary for function [100] . However, C73 functions in dimer formation [101] and also regulates activity by Sglutathionylation [102] and alkylation [103] . C62,69 is a redox-sensitive control for reduction by thioredoxin reductase-1 [34] and C69 and C73 are S-nitrosylation sites [104] . Thus, all of the Cys residues determine function even though only 2 are present in the active site and mutagenesis studies show the others are not required. Failure to detect redox rheostat elements can also because of the addition of GSH and dithiothreitol (DTT) for in vitro studies. Such reductants are often used to preserve activity of proteins which lose activity in purified form, and this could result in inability to detect redox rheostat mechanisms by eliminating redoxdependent changes. Thus, the available data point to a need for additional research to identify redox control elements which are not essential to the function of pathways but rather serve to regulate and integrate functions.
Kinetic models and potential mechanisms for control of non-equilibrium steady states
Electron transfer rates between specific components within biologic systems can vary considerably, but the overall rates are ultimately dictated by the rate of transfer to O 2 , the terminal electron acceptor for aerobic organisms. The maximal rate of O 2 consumption by an athletically trained human is about 4 L/min, which is equivalent to about 2.5 mM-min −1 averaged throughout the body. This average equates to about 10 nmol/mg protein per min at the cellular level, which is about 40% of measured cellular rates [105, 106] and about 5-10% of maximal mitochondrial rates (100 to 200 nmol/mg protein per min). Calculated in terms of 2-electron transfer in cells, the mitochondrial rate is about 20-35 mM-min −1 . In contrast, the rate estimated above for thiol-disulfide exchange between the Cys/CySS and GSH/GSSG couples at physiologic concentrations was 0.003 mM-min −1 ( Table 2 ).
This comparison underscores the principle that redox signaling and control mechanisms require effective insulation from high-flux redox systems. The markedly slower rates suggest that sulfur switching may also require catalysis. Because of the relatively slow rates of thiol/ disulfide reactions relative to other biologic oxidations, high catalytic efficiency is not needed. Localized generation of H 2 O 2 can selectively oxidize thiols catalyzed by proximal amino acids or metals, with rates enhanced by conformational changes or binding interactions in which cationic amino acids are juxtaposed to thiols. Association of proteins into complexes can increase proximity of dithiols and decrease accessibility of the reductants such as GSH and thioredoxin. Insulation can be further achieved by compartmentation. High-flux electron transfer reactions are compartmented in the mitochondrial inner membrane, biosynthetic and degradative reactions dependent upon hydrogen peroxide are compartmented in the peroxisomes, oxidation of lipophilic xenobiotics is compartmented in the membrane of the endoplasmic reticulum, and controlled oxidations of proteins destined for secretion are compartmented in the cisternae of the endoplasmic reticulum. Such compartmentation allows relatively low flux redox signaling and control to occur separately in association with the plasma membrane, aqueous cytoplasm, nucleus and extracellular space.
Non-equilibrium thermodynamics
A systems modeling approach provides a means to study the relationships between sulfur switches and redox control nodes for improving the understanding of the critical sites of regulation and sensitivity to disruption in pathology and toxicity. In non-equilibrium systems, different mechanisms can cause systems to be out of equilibrium. For instance, introduction of a perturbation into an equilibrated system creates a disequilibrium followed by a decay back to a resting equilibrium state. In this scenario, the motion in the system is due to the perturbation. A second form of disequilibrium is a non-equilibrium steady state [107] , in which a constant driving force in the system allows for a non-zero flux. The experimental data described above indicates that the multiple thiol/disulfide redox couples are maintained out of equilibrium and therefore are examples of the second scenario. Such disequilibrium can easily be mistaken for a system at rest because the concentrations are constant. Thus, a perturbation to the system in the form of oxidative stress (such as rapid introduction of ROS) is followed by a decay back to the non-zero steady-state fluxes in the same way that equilibrium systems decay back to equilibrium. A key difference, however, is that in the equilibrium state, the redox potentials are equilibrium values defined purely by the thermodynamics of the interacting components while in the nonequilibrium state, the redox potentials are steady-state values which are defined by the relative kinetics of the electron transfer reactions.
Modes of flux control in redox couples-In developing kinetic models for biologic redox systems with relatively slow electron transfer rates, the concentrations of electron carriers can change. Consequently, terms for synthesis and degradation as well as transport of the reduced and oxidized molecules across compartment membranes need to be included along with the oxidation/reduction reactions. To illustrate the role of various components as determinants of fluxes that give rise to the properties of a redox system, we use the GSH/GSSG couple as an example. Other redox couples -NADPH/NADP + [108] , NADH/NAD + , thioredoxin, Cys/CySS -can be analyzed in the same manner; however, there is much less information available.
For E h of GSH/GSSG to vary from −140 in the plasma, −175 in the ER, −230 in the cytosol, and −270 in the mitochondria [75] , there must be constant steady-state fluxes to maintain these non-equilibrated values. These fluxes are driven by the metabolic processes (mitochondrial respiration, NADPH oxidases, etc) that generate a constant flow of electrons to O 2 to form superoxide anion radical, hydrogen peroxide, etc. in the cellular environment. The basal level of peroxide formation is on the order of 0.2-0.5 mM/min but can be stimulated to over 1.3 mM/min [109, 110] . We surveyed GSH sources and sinks from the cellular compartments to illustrate the primary contributors to the differences in GSH/GSSG potential by organelle. For many of the rates listed in Table 2 , only unidirectional fluxes were available, generated under non-physiological conditions. Therefore, many of the values represent upper bounds of the actual basal level fluxes. Data missing from this Table (e.g., rates of transport of GSH or GSSG out of mitochondria and between cytoplasm and nuclei) identify key experimental data which are needed for functional kinetic models. Table 2 reveals that transport rates in and out of cellular compartments vary between 10 µM/ min and 1 mM/min. This is 10-to 1000-fold less than the metabolic rate of ATP synthesis, yet maximal rates are orders of magnitude greater than GSH synthesis. The synthesis of GSH is low (~ 0.024 mM/min in HT-29 cells [26] , 0.1 mM/min for liver [111] ) such that the distribution among cellular compartments can happen on a much faster time scale. From this, one can deduce that other factors are driving the fluxes of GSH and GSSG between compartments and not the synthesis rate of GSH. Because the GSH/GSSG couple in each compartment is also maintained out of equilibrium from other compartments, this indicates that the GSH/GSSG potential within compartments is driven by reactions unique to the organelles. The functional consequence is that the mitochondrial GSH/GSSG redox potential can be more negative (reducing) to control mitochondrial sulfur switches in the presence of local sources of ROS while the ER can be more positive (oxidizing) to regulate components for disulfide bond formation during protein folding by protein disulfide isomerase (for discussion see [112] ).
Linear equations for modeling non-equilibrium systems
Using the values in Table 2 , a system of linear equations can be generated to describe GSH movement in a compartmental model. Under steady-state conditions, a balance must exist between the fluxes of utilization/degradation for each compartment and the flow in and out of the compartment through transport, with the exception of the cytosol, where glutathione synthesis occurs. This balance can be represented by the following set of equations to mathematically formulate Figure 4 :
In this formulation, the nomenclature designates the starting compartment followed by the target compartment, in which C for cytoplasm, M for mitochondria, N for nucleus, E for ER, and P for plasma. For example, ν C_P represents the flux from the cytoplasm to the plasma. The utilization/degradation flux is symbolized by v O for "out" and the compartment abbreviation, such as ν OM representing all utilization steps of mitochondrial GSH, including the conversion to GSSG. Thus, the GSH and GSSG fluxes are tied together by this overarching term which encompasses the biochemical oxidation/reduction reactions. The equations are structured to reflect the unknown effluxes on the right-hand side. The additional flux from the ER directly to the plasma is the only introduction of coupled variables in the system. One should note that in such formulations, fractional volumes must be used to convert data to molarity values to express the appropriate number of molecules in different subcellular volumes moving across membranes.
Summarizing from the section above, redox reactions within compartments are generally fast compared to movement between compartments, and movement between compartments is generally fast compared to entry (synthesis) and removal (degradation) from the system. Assumptions based upon these generalizations allow simplification of modeling. For instance, one can develop models for individual compartments assuming that there is no movement between compartments (See Figure 5 , bottom left). These models can subsequently be incorporated into more complex models which address the interactions of the compartments ( Figure 5, left panels) . Additional relations can be included at the expense of a more complicated description.
Because the reactions within compartments appear to be fast relative to the movement between compartments, it may also be possible to describe GSSG algebraically as a function of GSH so that transport processes can be studied in the presence of metabolism. In this modeling framework, oxidation of GSH to GSSG is included in the utilization term, reducing the number of variables from the above description. This consideration is potentially important because of the stability of steady-state thiol/disulfide systems. For instance, if one considers that autooxidation of thiols (plus possible sulfhydryl oxidases and thiol oxidases) results in continuous production of H 2 O 2 and coupled (with glutaredoxin) generation of GSSG, one can write an overall balance for GSH oxidation and reduction described by the following equations:
With a constant flux of oxygen and NADPH regeneration, the glutathione couple acts as a balanced cycle of redox buffering under steady-state hydrogen peroxide synthesis. The first two reactions appear to be using a net consumption of four reducing equivalents for the conversion of O 2 to water. However, in the context of a GSSG reductase, a balance occurs during basal metabolism as long as the NADPH regeneration and/or synthesis is held constant. Such a balance could explain the relatively stable GSH/GSSG redox potential in cells [113] so long as the rates are significantly faster than the transport fluxes. Limitations to this possibility are evident in the first step because there is little evidence for cellular thiol oxidases [114] , and non-enzymatic thiol-disulfide exchange is slow [45] . An alternative is that an NADPH or NADH oxidase complements the mitochondria to maintain a relatively high constitutive rate of H 2 O 2 generation which is balanced by the peroxidase and reductase reactions to maintain a relatively stable thiol/disulfide steady state. Such a possibility is suggested by the discovery an NADH oxidase coupled to peroxiredoxin in anaerobic bacteria (Amphibacillus xylanus and Sporolactobacillus inulinus) [115] . Although the function of this complex is not known, the organism is aerobic and lacks a respiratory chain so that a possible function could be to maintain a non-equilibrium thiol/disulfide redox potential of sulfur switches.
Regardless of simplifications used to evaluate individual processes, the ultimate goal is to develop a model which can be used to develop testable hypotheses concerning critical sites of oxidative stress. For a non-equilibrium homeostasis to exist, all fluxes must ultimately be balanced such that synthesis (ν s in Figure 4 and the above equations) matches utilization of GSH in each compartment (through the glutathionylation of proteins, for example) or degradation (i.e. to Cys) because the GSH synthesis rate is the only introduction of material to the system. For high import rates across a membrane such as in the mitochondria, this forced balance means that either the mitochondria must utilize GSH at a high rate, or bidirectional transport exists to reduce the net rate into the mitochondria. From the diagram, one can observe that with a low synthesis rate (24 µM/min) [26, 108] , the transport balance must be very fast because a high utilization/degradation rate would rapidly deplete cytoplasmic GSH. The discrimination between the two options may be compartment-specific. In the ER, the measured transport is primarily uni-directional into the cisternae of the ER; thus, it is not clear whether GSH is recycled back to the cytoplasm or lost to the plasma. In the mitochondria, lack of recycling for GSH or GSSG would result in mitochondria being an irreversible sink for GSH. Thus, the model predicts that mechanisms for movement of GSH or GSSG back to cytoplasm must occur to maintain cellular balance, and additional research is needed to understand these mechanisms.
Extending this point, the model includes the contribution of GSSG influx/efflux to the cytosol/ mitochondria, ER/plasma, and cytosol/nucleus exchanges, but several of these rates are poorly characterized. Additionally, some compartments are not even considered. Consequently, this formulation identifies an important need for redox system biology is to obtain more complete information concerning transmembrane transfer rates and function of specific subcellular compartments in thiol/disulfide redox control.
Challenges to development of redox systems biology
Maintaining the redox couples out of equilibrium poses serious challenges in computational modeling when one wants to introduce oxidative stress conditions into the simulations. Specifically, the model must accommodate the maintenance of a steady-state system with proper redox potentials prior to the onset of ROS formation and then adjust rates, which can include transport, synthesis and degradation, into the overall model of electron flow. Although challenging, a strength of the approach is that it can address more complex issues such as the indirect linkages between control nodes. For instance, the GSH/GSSG and Trx systems are linked despite their disequilibrium due to the use of a common substrate, NADPH, between Trx reductase and GSSG reductase and the glutathionylation of thioredoxin to enhance activity [102] . The independent behavior of the individual couples can be addressed by extending the GSH/GSSG model to include the Trx systems.
The description of transport between subcellular compartments that relies on a concentration gradient and/or membrane potential creates additional difficulties. In such a system, components will flow toward equilibrium prior to the stimulus of oxidative stress conditions. The steady-state flux contributions to GSH disequilibrium across membranes can be primarily attributed to movement of the GSH molecule rather than reduction of GSSG to GSH. During dynamic simulation of an oxidative stress response, one could consider these fluxes of molecules static in order to focus on faster changes occurring at the level of sulfur switches within compartments; however, the disequilibrium set by the differences in potentials across compartments will make it difficult to discern which switches are initiated by an oxidative stimulus versus the change in distribution of the molecules within the system. One solution is to include all of the pertinent influx and effluxes (such as in Figure 4 ) to maintain the nonequilibrium steady-state values; however, this is not always feasible and adds complexity to a given model. The lack of appropriate steady-state flux values for all compartments also introduces error into the model parameters.
Another modeling approach is to define the driving force of electron transfer reactions as a function of the difference between the homeostatic potential and the actual potential, such that under steady-state conditions the driving force is non-existent. Transport across membranes similarly could be defined as a function of the difference between the homeostatic concentration gradient and the oxidative stress concentration gradient. Although not mechanistically correct, it does provide a work-around to a complex issue without explicitly defining the multiple contributors to the net driving force. A final complication in modeling redox potentials in cellular systems is the 80 mV gradient across the plasma membrane for ΔE GSH , which could possible result in a driving force for solute transport.
Challenges to the modeling of Trx systems-The fluxes in the Trx1 system include transcription, translation and diffusion/transport ( Figure 5 , top right) in addition to oxidationreduction reactions within compartments ( Figure 5, bottom right) . On the time scales of the sulfur switch systems, most of these fluxes between compartments can be considered zero. In describing the responses to oxidative stress or physiologic challenge, however, increased synthesis alters abundance of Trx1. In addition, Trx1 distribution between the cytoplasm and nuclei is altered by oxidative stress [116, 117] . The rates and regulation for this diffusion/ transport across the cytosolic-nuclear membrane to maintain a non-equilibrium state [−280 mV (cytoplasm), −300 mV (nuclei)] are unknown. Furthermore, it is unclear how much Trx1 exists as sequestered protein (Trx1-BP, Fig. 5 top right) under basal conditions, such as its relationship with Vitamin D3-Upregulated Protein [also named as Trx-interacting protein (TxnIP)] where it is bound until a change in redox environment releases it for catalytic activity [118, 119] . The fraction of Trx1 bound to ASK1 is small relative to total Trx1 [120] . If a significant fraction of thioredoxin is bound to other proteins, then the modeler will have to consider this as a rapid source of protein on the same timescale as the switch initiation events.
Challenges to modeling the Cys/CySS system-The Cys/CySS couple is the predominant low molecular weight thiol/disulfide system in most extracellular fluids and has been studied extensively in the plasma. Plasma Cys is derived from the diet, from cell export, from GSH hydrolysis and from reduction of disulfide forms (e.g., CySS, protein-SS-Cys). Cys is cleared from the plasma by numerous amino acid transporters, by oxidation to CySS and by loss in other extracellular fluids (e.g., urine). Plasma CySS is present at a higher concentration than Cys and is derived principally from oxidation of Cys and hydrolysis of GSH-related disulfides [121, 122] . CySS is cleared from the plasma by numerous amino acid transporters [67, 123, 124] , by reduction and by loss in urine and other fluids. Isotopic tracer methods have been used to estimate whole body turnover of plasma Cys and CySS in humans [125] and rodents [126] , but relatively little information is available concerning the contributions of the different pathways in vivo.
E h values for the Cys/CySS couple have been estimated in HT29 cells and found to vary independently of the GSH/GSSG and Trx1 couples [38] . Little knowledge is available concerning transport or redox regulation of the Cys/CySS redox state in different subcellular compartments. Transport into mitochondria must occur because of the presence of protein synthesis within this organelle, and transport out of lysosomes must occur because of the degradation processes. However, very few of the rate parameters which are necessary for modeling are available and the extent to which the Cys/CySS couple is regulated in different compartments is unknown. This represents an important area for future research. Figure 4 , which is focused on the GSH/GSSG couple, delineates only one aspect of the overall cellular redox system including Trx couples and Cys/CySS. The description can be expanded to include the Trx and Cys/CySS couples by incorporating relevant fluxes and distributions across cellular compartments such as shown in Figure 5 . These redox control nodes, in turn, provide the set points by which different sulfur switches can operate independently. Because systems biology is driven to explore the emergent properties that results from complex multivariate relationships, the multiple redox couples that exist out of equilibrium with each other and within different cellular locations is an excellent example of a biological system suited for the emerging analytical techniques associated with this field. The critical importance of these redox processes in health and disease suggest that this should be a priority for systems biology development.
Perspectives for Redox Systems Biology
Redox systems biology is in a nascent stage of development as researchers shift from empirical observation and component identification to a quantitative understanding of the interrelationships between components. As evident from the lack of critical rate information, systems biologists will need to work in concert with experimentalists in this development. For example, the cloning of mammalian Trx2 occurred as late as 1997 [127] , providing new insight in the compartmentalization of the Trx2 in mitochondria (mitochondria, Figure 5 right) . Similarly, the Cys/CySS couple in the plasma has only slowly surfaced as a significant independent player in protein thiol oxidation, with relevance to clinical conditions such as cardiovascular disease [58, 59, 82, 128] and alcoholic lung disease [129] . Furthermore, identification of novel protein targets that are regulated by redox state has been increasing as redox proteomic techniques improve [130] [131] [132] .
To develop effective kinetic models to understand the relationships between redox control nodes and sulfur switches, there is a need for multivariate data acquisition across cellular compartments and in response to physiologic challenge. This will require improved highthroughput sample analysis, such as being developed in mass spectrometry applications that detect protein modifications through oxidation and glutathionylation [133, 134] . Ultimately, nanoscale tools may be needed to allow dynamic quantification of redox states of sulfur switches in the pertinent cellular compartments.
Implications for Predictive Health and Personalized Medicine
Many disease states are associated with either changes in redox states or redox regulation of protein thiol modification. The development of models that establish the interconnectedness of these redox changes and their responses during oxidative stress will aid in understanding and managing the complex regulation of redox process under pathological conditions. For example, attempts to use dietary antioxidants such as Vitamin E in the treatment of cancer, heart disease [135] and Alzheimer's disease [136] have been disappointing in terms of clinical benefit despite clear evidence for protective activities in controlled experiments. As evident from the complexity of the redox pathways, redox-active chemicals used to abrogate pathologic processes by scavenging ROS may also alter the normal redox circuitry (Figure 3) . A framework in which the interconnected nature of non-equilibrium redox control nodes can be analyzed concertedly with the switch mechanisms of their regulatory targets will help elucidate how therapeutics can be used to limit the pathologic events while preserving the physiological signaling pathways.
Many challenges exist for the development of useful kinetic models; however, the formulation of a conceptual framework incorporating the key compartments, redox control nodes and mathematical formulations identifies needed experimental data and supplies the context for such pursuits. There are many unmeasured contributions to control of sulfur switches that must be determined for modeling accuracy. Until the magnitudes of relevant fluxes are established, it is difficult to discern how the cell exploits these fluxes to generate new set points in response to physiologic and pathologic events. Additional information is needed about transport systems for reduced versus oxidized components, vis-à-vis, whether preferential transport is a critical mechanism for maintenance of non-equilibrium conditions across compartments. It is likely that many unidentified sulfur switches remain to be discovered; addition of such features within a model will increase complexity but also improve accuracy. Finally, the role of different redox control nodes for control of different switches is also not clearly defined. The micromolar concentrations of Trx1 and Trx2 compared to the millimolar GSH concentrations suggest that Trx may used for specificity of signaling or other highly critical functions while GSH is used more globally for detoxification and redox buffering. On the other hand, the redox changes of GSH/GSSG in association with cell proliferation, differentiation and apoptosis, may indicate that GSH is used enzymatically for S-thiylation of critical master switches, thereby providing a context-dependent control of cell functions. How this specificity is conferred and the extent of overlap between GSH-and Trx-dependent sulfur switches remains to be investigated.
In summary, sulfur switches functions as sensors in redox signaling pathways and as redox rheostats which control and integrate metabolic pathways. Three major redox control nodes, consisting of thioredoxins, GSH/GSSG and Cys/CySS, play an important role in regulation of these sulfur switches. The redox control nodes are maintained independently under nonequilibrium steady-states in different subcellular compartments, thereby supporting diverse redox regulatory behavior of the cell as distinct functional modules. An initial framework for mathematical modeling has begun to provide form to the thiol/disulfide redox code governing these complex interactions. This framework identifies key needs for inter-compartment flux measurements. The formulation also illustrates a considerable gap in knowledge of the number, identity and mechanistic control of sulfur switches. Future elaboration of the multivariate approaches of systems biology can be expected to improve understanding of critical sites of disruption during oxidative stress and provide a foundation for new approaches for therapeutic intervention. Steady-state redox potentials for thiol/disulfide control nodes. A variety of methods have been used to estimate redox states of thiol/disulfide systems in different compartments. Most information is available for total cellular GSH/GSSG, which appears to largely represent cytoplasm. Rapidly proliferating cells typically have values which are 30 to 60 mV more reducing than non-dividing cells. Cells undergoing apoptosis become considerably more oxidized, mostly due to a loss of GSH. Cytoplasmic Trx1 is more reduced than GSH and is not affected by cell proliferation and is not oxidized until terminal stages of apoptosis. Cytoplasmic Cys/CySS is more oxidized than GSH/GSSG and varies independently. Trx2 and GSH/GSSG have a more reduced redox state than cytoplasmic counterparts. Nuclear Trx1 is more reduced than cytoplasmic Trx1 and is much more resistant to oxidation. The redox state of nuclear GSH/GSSG is not known, but ratios of PrSH/PrSSG for nuclear and cytoplasmic proteins indicates that the nuclear GSH pool is more reduced than in the cytoplasm. The extracellular pools of GSH/GSSG and Cys/CySS are considerably oxidized compared to the respective cytoplasmic pools. GSH and Trx-dependent systems support different protein-dependent systems in cytoplasm and nuclei (left), and in mitochondria (right). Model is based upon observations that 1) Trx (Trx1 for cytoplasm and nuclei, Trx2 for mitochondria) and GSH systems function in parallel in peroxide metabolism, 2) steady-state redox potentials of NADPH/NADP, Trx1 (SH)2/(SS) , GSH/GSSG in cytoplasm and nuclei, Trx2 (SH)2/(SS) , GSH/GSSG in mitochondria are maintained at different values, 3) GSH and Trxs have multiple functions in protection against oxidative stress and in redox control mechanisms. Thioredoxin reductase-1 (TrxR1) in cytoplasm and nuclei and TrxR2 in mitochondria also have multiple activities which include peroxide metabolism. Redox factor-1 (Ref-1), peroxiredoxin-1 (Prx1), Prx2 and Ask1 for Trx1-dependent proteins and Ask1, Prx3, and Prx5 for Trx2-dependent proteins are represented, which function in parallel with the GSH/GSSG-dependent proteins [glutathione peroxidase-1 (Gpx1), Gpx4, glutaredoxin (Grx1) for cytoplasm, mtGpx1, mtGpx4, and Grx2 for mitochondria]. TrxR1 and TrxR2-dependent proteins other than Trx1 and Trx2 could also exist, such as iron-sulfur proteins and cytochrome c (Cyt c). In this model, the steady-state redox values are maintained separately for each couple by the balance of NADPH-dependent reduction and peroxide-dependent oxidation rates. Each couple can thereby be used for different redox-control processes, and in the presence of excess peroxide generation rates, each can contribute to detoxification. Arrowheads represent flow of electrons while blunt-end lines represent redox-dependent interactions which could occur without electron transfer. Sulfur switches can exist as "Redox Sensors" and as "Redox Rheostats" in generic redox circuitry models. Simplified models show (A) oxidative stress pathway (solid line) associated with high levels of ROS, RNS, and free radicals from mitochondrial dysfunction, NADPH oxidase activation, and nitric oxide synthase activation triggered by pathologic upstream signals. Redox signaling pathway (B, broken line) shows the process involving relatively low levels of diffusible reactive species associated with physiologic condition. In redox signaling, the small diffusible reactive species, termed "redox messengers" are generated by ROS/RNS sources and react with redox-sensitive macromolecules termed "redox sensors". These redox sensors are often sulfur switches, consisting of sulfur atoms within specific proteins. Sulfur switches also occur as regulatory elements, termed "redox rheostats", which are not needed to define the pathway but regulate its activity. The characteristics of these sulfur switches can differ because the redox sensors are integral components of pathways while the sulfur rheostats regulate activity. A compartmental model of steady-state glutathione fluxes. Under homeostatic conditions, GSH transport must be balanced by degradation/utilization to balance the rate of cytosolic GSH synthesis. In the diagram, GSH influx to the ER, mitochondria and plasma is considered to be unidirectional, while the exocytosis of metabolites through the ER will release GSH and GSSG into the plasma at the same rate. Mitochondrial loss of GSH is poorly understood but could occur by unidirectional efflux of GSSG. Passive transport to the nucleus will be bidirectional and include GSH + GSSG. Salient features revealed by this formulation include: 1) an uncharacterized mechanism for loss of GSH or GSSG from mitochondria is needed to balance mitochondrial GSH/GSSG redox state, 2) non-equal partitioning of reductases and oxidases between the cytoplasm and nucleus could maintain a disequilibrium between compartments, 3) differential regulation of GSH and GSSG transport between compartments can determine differences in steady-state redox potential between compartments, and 4) the secretory pathway could provide a kinetically important route for electron transfer between cytoplasm and plasma. Complex redox systems maps can be assembled from models for redox couples in different compartments. The steady-state flux model for GSH and GSSG (Panel A) can be combined with compartmental models for oxidation/reduction of GSH/GSSG (Panel B) to provide a more complex model including synthesis/degradation and transport along with redox processes. Similar models can be developed for thioredoxins (Panels C, D), and these can be combined with A and B to provide more complex descriptions of interacting redox systems. Such models can then be used to analyze cellular control of sulfur switches, linking redox changes to specific sensor and rheostat functions. In this simplified model, only GSH and Trx couples are illustrated; however, these concepts can be extended to NADPH/NADP + , peroxiredoxins, Cys/ CySS and other redox couples. For illustrative purposes, peroxiredoxin reactions are only depicted in the cytosol, but are present in the nucleus and mitochondria as well. 
